ABSTRACT Left ventricular cineangiography and micromanometry were performed simultaneously in 27 patients with chronic severe mitral regurgitation (MR group) and in 23 normal subjects (NL group). Stress (c) and volume (V) were computed frame by frame. Measurements were repeated after pharmacologic load manipulation in subsets of MR (n = 10) and NL (n = 11) groups. An inverse relationship (r = -.90) between EFc (ejection fraction determined from a common preload) and 1es (afterload) 
the MR (n = 10) vs 1165 + 394 in the NL group (n = 11, NS). EF was 0.62 + 0.13 in the MR and 0.65 + 0.08 in the NL group. Mitral valve surgery was performed on 19 of the patients with MR. All survived and all but one were symptomatically improved; that patient required reoperation in the early postoperative period because of transverse midventricular disruption. Thus, contractile function as assessed by stress-strain and EFc-afterload relationships is frequently normal in individuals with MR when EF is normal. When EF is depressed, contractile function as assessed by EFc-afterload relationships is frequently depressed, but this does not preclude a satisfactory surgical result. Circulation 77, No. 3, 515-525, 1988. EJECTION FRACTION is often depressed after chronic mitral regurgitation (MR) is corrected with a prosthetic valve. This occurs even when preoperative ejection fraction is normal.1 Since reduced afterload tends to augment ejection performance in acute MRII1,2 3it seems logical that correction of chronic MR might cause the ejection fraction to be depressed by afterloading the ventricle, thereby "unmasking" preoperative contractile dysfunction. This hypothesis, which has long been accepted as an explanation for the disappointing surgical results in patients with chronic MR,4-9 has not been confirmed with studies of preoperative contractile function, since no load-independlent methods have been available for clinical use. Accordingly, the purpose of the present study was to assess preoperative contractile state in patients with chronic, severe MR by use of recently developed meth-ods that are relatively independent of load. The possible prognostic significance of these measures of contractile state were then examined in patients undergoing mitral valve surgery.
Methods
Subjects. Patients with mitral regurgitation in whom simultaneous cineangiography and micromanometry were performed in our laboratories between March 1983 and September 1987 were included in the present analysis if: (1) MR was judged to be the predominant mitral lesion, i.e., there was 3 + to 4 + regurgitation of contrast into the left atrium on angiography, and a mitral valve area of 1.3 cm2 or greater according to angiographic flow and the Gorlin equation, (2) there was no significant aortic valve disease, i.e., no more than 1 + aortic insufficiency and no more than 5 mm Hg aortic valve gradient, and (3) there was no history of myocardial infarction or segmental wall motion abnormalities on angiography. Twenty-seven patients who had predominant or isolated severe mitral regurgitation by these criteria and who had left ventriculograms adequate for edge detection were included in this study, and comprise the MR group. The mean estimated regurgitant fraction for the MR group was 0.54 + 0.15 (n = 23; table 1). MR was judged to be chronic in all but one of these patients on the basis of symptoms or physical findings that were present for at least 3 months; the remaining patient had symptoms for only 3 weeks but had increased end-diastolic diameter (6.1 cm) as assessed by echocardiography. All but six patients were in normal sinus 515 In subsets of the MR group (n = 10) and normal group (n -11), angiography was performed twice: once with, and once without pharmacologic afterload manipulation. In all patients in the MR group, load was reduced by an infusion of sodium nitroprusside beginning at 0.25 ,ug/kg/min, and increasing by 0.25 ig/kg/min every 3 min to decrease aortic systolic pressure by 20% to 40% but to no less than 80 mm Hg. In the NL group, load was altered by one of three methods: 0.35 mg ergonovine in three divided intravenous doses in four subjects, 0.8 mg nitroglycerin in two equally divided sublingual doses in three subjects, or intravenous nitroprusside by the method described above in the remaining subjects. A 15 to 20 min interval separated the first and second ventriculograms to allow the hemodynamic effects of the contrast agent to dissipate. During this time neither the patient nor the imaging equipment was moved. Patients were instructed not to perform a Valsalva maneuver during inspiration held for the ventriculographic examination. Immediately after the second contrast cineangiogram, a radiographic grid positioned at midchest was imaged biplane to provide corrections for magnification.
During the early period of study, a baseline cineangiogram was obtained before the infusion of nitroprusside and second cineangiogram. However, we soon learned that it was easier to reduce load with nitroprusside before rather than after the first injection of contrast. Subsequently, therefore, the nitroprusside cineangiogram was obtained first; the drug was then discontinued and the second cineangiogram was obtained 15 to 20 min later. This allowed for a greater difference in load between the two cineangiograms since the volume-loading effect of contrast further elevated pressures above baseline.
Precise synchronization between pressure and cineangiography was achievable with a cine frame marker, which records a mark for each film exposure (60/sec) simultaneously with the pressure recording, and exposes every hundredth frame with a diode simultaneously with an accentuated mark on the pressure recording.
No patient experienced any symptom other than mild facial flushing during the infusion of nitroprusside, and there were no complications.
Analysis of catheterization data. Methods were similar to those used previously in this laboratory.`0 Briefly, left ventricular silhouettes for each frame of the first well-opacified beat of each left ventricular cineangiogram not preceded by an ectopic beat were digitized with a hand-held cursor. Left ventricular wall thickness was measured at the mid third of the anterior wall in the right anterior oblique view for the end-diastolic frame. Correction factors for ventricular measurements were derived from the grids positioned at the center of the ventricle. Left ventricular volume was computed by the area-length method and a regression equation.1' Since the silhouette borders in the left anterior oblique view were sometimes unclear over the spine and diaphragm, and since segmental dyssynergy was absent, volumes were computed from the single-plane right oblique view. Left ventricular mass was computed with wall thickness measured at end-diastole.12 Dynamic wall thickness was computed for all frames subsequent to end-diastole assuming a constant mass for each frame according to the method of Hugenholtz et al. ' There was a strong inverse correlation (r = -.90, SEE = 0.046) between ejection fraction corrected for preload (EFc) and end-systolic stress among the 23 normal subjects ( figure 2, top) . Load manipulation in 11 of these normal subjects resulted in shifts in individual EFC-end-systolic stress relationships that were nearly parallel to those for the entire group (figure 2, bottom), suggesting that significant changes in con-518 tractile state did not occur during load manipulation. Figure 3 shows EF,-end-systolic stress coordinates for the 27 patients in the MR group vs the normal 95% prediction band (top panel); load manipulation was performed in 10 (bottom panel). Of the 13 patients in the MR group in whom baseline ejection fraction was greater than 0.60 (mean ejection fraction 0.68 + 0.06 NS vs normal group), nine had values that fell within or above the 95% prediction band for the normal EFC-end-systolic stress relationship; thus, normal pump function did not belie muscle dysfunction in these patients. However, contractile state estimated as EFC-end-systolic stress was depressed in four of 13, despite preservation of ejection fraction by augmented preload (end-diastolic stress 82 + 35 kdynes/cm2).
Of the 14 patients in the MR group in whom baseline ejection fraction was depressed below 0.60 (mean ejection fraction 0.54 + 0.05, p < .001 vs normal), three had normal EFC-end-systolic stress relationships, suggesting preservation of contractile state and a depression in ejection fraction due to increased afterload (end-systolic stress 272, 223, and 253 kdynes/cm2). An additional patient who had a depressed ejection fraction (0.45) and fell along the lower limit of the 95% prediction band also had increased afterload (end-systolic stress 343 kdynes/cm2). In the remaining 10 the EFC-end-systolic stress relationship fell below normal due to muscle dysfunction. Thus, pump function as assessed by ejection fraction accurately reflected muscle function (EFc-end-systolic stress) in 19 of 27 patients with MR, but overestimated it in four, and underestimated it in four.
Since diastolic wall stress is affected by factors extrinsic to the left ventricle, such as pericardial restraint and left ventricular-right ventricular interaction, preload may have been overestimated in some of the patients in the MR group due to subacute cardiac dilatation. This possibility is supported by the downward shifts that were apparent in the diastolic stressvolume curves of three of 10 of these patients after infusion of nitroprusside. The velocity-stress relationship has been suggested as a preload-insensitive alternative to the shortening-stress relationship, 17 and analysis with its use (figure 4) revealed fewer contractile abnormalities than did the analysis using the EFc-endsystolic stress relationship ( figure 3) .
Stress-strain analysis was assessed from two differently loaded beats in subsets from the NL (n = 11) and MR (n -10) groups for whom the mean ejection fraction was 0.65 + 0.08 and 0.62 + 0.13, respectively. The Volume (ml) Volume (ml) FIGURE 6. Stress (o)-volume data in a normal subject (left) and a patient with MR (right). Although the relationship between end-systolic stress and end-systolic volume (solid curve) is depressed compared with normal (due to ventricular dilatation), the V,-normalized maxE. value indicates preservation of contractile force at any degree of stretch in the patient with MR. The simple end-systolic stress-end-systolic volume index (o3,-V105) ratio is also much lower than normal (at a common afterload, ocs, 200 kdynes/cm2) in the MR patient due to ventricular dilatation. an associated condition, such as rheumatic myocarditis or other cardiomyopathy, is uncertain. The present study confirms the presence of contractile dysfunction by load-independent methods in a substantial portion of patients with chronic, severe MR. However, contractile function estimated as maxEN or EFc-end-systolic stress was frequently normal when the ejection fraction was preserved, which casts doubt on the concept that reduced afterload masks contractile dysfunction in chronic MR. Indeed, previous studies have also shown that afterload is normal or slightly increased in chronic MR,21 22 figure 4 , there was a greater standard error of the estimate for the ejection rate-end-systolic stress relationship than for the EF,-end-systolic stress relationship, and this scatter was not improved by correcting for heart rate. However, this analysis does support the conclusion also derived from EFC-end-systolic stress analysis that contractile impairment is uncommon in patients with mitral regurgitation when ejection fraction is normal. 
